Neuromodulin
(GAP-43) is a neurospecific calmodulin binding protein that is targeted to neuronal growth cones via fast axonal transport by an undefined mechanism.
The protein is associated with membranes by palmitoylation of cys-3 and cys-4. The objective of this study was to examine the intracellular localization of neuromodulin and neuromodulin mutants modified in the membrane targeting domain of the protein in neurons and non-neuronal cells. The N-terminal palmitoylation domain of neuromodulin was found to be sufficient for membrane and Golgi targeting as well as neurite transport.
A fusion protein consisting of the N-terminal 20 amino acids of neuromodulin and B-galactosidase accumulated in neurite endings demonstrating that this sequence is sufficient for targeting to growth cone membranes. Mutations in the palmitoylation domain of neuromodulin that abolished its acylation and membrane association diminished its Golgi localization.
Mutations that prevented Golgi accumulation of neuromodulin+-galactosidase fusion proteins also interfered with neurite transport of the fusion proteins. These data demonstrate a correlation between membrane targeting, Golgi localization, and neurite transport of neuromodulin.
[Key words: neuromodulin, GAP-43, Golgi apparatus, growth cone, protein sorting] Protein sorting into specific subcellular compartments is essential for normal cellular functions in neurons. During axonal outgrowth and regeneration, newly synthesized proteins are sorted and delivered to different locations in neurons, including axonal and dendritic processes. Axonally transported proteins have been shown to move along axons at different rates (reviewed by Grafstein and Forman, 1980; Skene, 1989) . Fasttransported proteins (groups I and II) are generally transported into axons within hours of their synthesis (Willard et al., 1974; Grafstein and Forman, 1980) , whereas slow-transported proteins (groups IV and V) require days to reach their destination (Black and Lasek, 1980) . It has been suggested that fast-transported proteins are packaged in Golgi apparatus with the membranous vesicles, which are coupled to anterograde microtubuledependent motor proteins such as kinesin (Pfister et al., 1989; Schroer and Sheetz, 199 1; Ferreira et al., 1992) . Disruption of Golgi-related functions with monensin or brefeldin A inhibits fast axonal transport (Hammerschlag et al., 1982; Smith et al., 199 1) . Although it is not clear how fast-transported proteins are sorted in the Golgi networks, it has been suggested that the transported proteins may contain specific "recognition sequences" that allow them to undergo selective sorting and packaging in the Golgi apparatus (Hammerschlag et al., 1982) .
Neuromodulin (also known as GAP-43, P-57, B-50, and Fl) is transported to growth cones by fast axonal transport (Skene and Willard, 1981; Benowitz and Lewis, 1983) . The protein is a major protein kinase C substrate in neurons (Akers and Routtenberg, 1987; Alexander et al., 1987; Ape1 et al., 1990) . In vitro studies have shown that protein kinase C phosphorylation of neuromodulin inhibits its interaction with calmodulin (CaM), which may play a significant role in calcium/CaM-mediated signal transduction pathways in neurons (Andreasen et al., 1983; Alexander et al., 1987; Liu et al., 1990) . During axonal growth and regeneration, neuromodulin synthesis is increased severalfold, suggesting its involvement in growth associated processes in neurons (Skene and Willard, 198 1; Benowitz and Lewis, 1983; Skene and Willard, 1983) . In addition, the protein may play a role(s) in long-term potentiation (Akers and Routtenberg, 1987) and neurotransmitter release (Dekker et al., 1989; Ivins et al., 1993) .
Neuromodulin is a major component of membranes isolated from whole brain and growth cone membranes (Cimler et al., 1985; Skene et al., 1986) . The protein is tightly associated with membranes through fatty acylation of its cysteines at positions 3 and 4 (Skene and Virag, 1989; Chapman et al., 1992; Liu et al., 1993) . Immunofluorescence localization of the protein in cultured neurons has shown that it is distributed throughout neurite processes and cell bodies during the early developmental stages, and gradually becomes concentrated in distal regions of neurites and growth cones (Meiri et al., 1988; Burry et al., 199 1) . Neuromodulin has also been shown to be associated with the Golgi apparatus in PC12 cells and cultured hippocampal neurons (Van Hooff et al., 1989; Goslin et al., 1990) . Therefore, passage through the Golgi apparatus may be an obligatory step for the transport of neuromodulin into neurites.
It has been shown that sorting of membrane proteins in neurons may be similar to mechanisms for sorting in non-neuronal cells (Dotti and Simons, 1990) . Many of the fast axonally transported proteins are integral membrane proteins that are translated from ER-associated ribosomes, translocated into the Golgi apparatus, where they undergo posttranslational modifications and enter different membrane pathways (Klausner et al., 1992; Rothman and Orci, 1992) . Neuromodulin, however, is translated by free ribosomes as a cytosolic protein and subsequently becomes membrane bound through posttranslational palmitoylation (Skene and Virag, 1989) . Little is known about the mech- (Ferreira et al., 1992) . This observation suggests that neuromodulin may undergo microtubuledependent, Golgi-derived vesicular transport. The present study focuses on the molecular events that lead to the targeting of neuromodulin to the Golgi apparatus in cultured rat embryonic neurons and non-neuronal cells. It has been demonstrated that both cultured neurons and non-neuronal cells provide useful systems for investigating the intracellular targeting (Liu et al., 199 1) and posttranslational modifications of neuromodulin (Skene and Virag, 1989; Zuber et al., 1989; Chapman et al., 1992) . It was the objective of this study to characterize the structural elements of neuromodulin that direct the protein to the Golgi apparatus and to neurite growth cones.
Materials and Methods
Plusmid construction. The fusion cDNA clones NM&I-gal, NM,-P-gal, NM&-gal, and @-gal control (see Appendix for abbreviations) were subcloned into the expression vector pCDM8 (a gift from Dr. Brian Seed, Massachusetts General Hospital) as described previously (Liu et al., 199 1) . Mutagenesis of the N-terminal amino acid sequence of neuromodulin was accomplished by PCR to amplify a 525 bp fragment encoding the 5' sequence of the protein. PCR products were digested with Hind111 and NaeI to generate a 300 bp fragment that was subsequently ligated to pCDM8-NM at the Hind111 and NaeI sites (Liu et al., 199 1) . The PCR primers used were, upstream, T2: 5'-GGGGAAGCT-TACCATGACGTGCTGTATGAGAAGAACCA-3'; T3,5'-GGGGA-AGCTACCATGCTGACCTGTCTGAGAAGAACCA-3'; L3, 5'-GG-GGAAGCTTACCATGCTGCTCTGTATGAGAAGAACCA-3'; L4, 5'-GGGGAAGCITACCATGCTGTGCTTAATGAGAAGAACCA-3'; R5, 5'-GGGGAAGCTTACCATGCTGTGCTGTAAGAGAAGA-ACCA-3'; and downstream primer, S'-TGCTTTCTGCAGTCTCCGT-TGGA-3'. Deletion of neuromodulin sequence was achieved by PCR, which generated a product with a PstI restriction site at the 3' end and an Hind111 site at the 5' of the coding region of the protein. The PCR fragment was ligated to the lac Z gene by replacing the full-length neu-WGA Figure 2 . Immunofluorescence localization of neuromodulin expressed in COS-7 cells. COS-7 cells were transfected using DEAE dextran method and stained with a mouse monoclonal antibody against neuromodulin (2 &ml; clone 91E12, Boehringer-Mannheim) and an PITC-conjugated horse anti-mouse secondary antibody (1: 1500; Pierce). Golgi complex was identified by staining with TRITC-conjugated WGA (4 &ml; Sigma). Wt. wild-type neuromodulin; T2, leu-2 to thr-2; T3, cys-3 to thr-3; L3, cys-3 to leu-3; L4, cys-4 to leu-4; RS, met-5 to arg-5; 2G, cys-3,4 to gly-3,4. n, nucleus; pm, plasma membrane. Scale bars, 15 pm. romodulin sequence (Liu et al., 1991) . The PCR primers used were, upstream, S-GGGGGGAAGCTATCGTGTGCTGTATGAGAAGA-ACCAAACAG-3', and downstream, S-GGGGGGCTGCAGTTCTC-CTTGGCCTCGGCCTCAGCAGCACCA-3'.
For substitutions of am 6,7 and lys 9 with ser 6,7 and gln 9, an upstream PCR primer 5'1 GGGGGGAAGCTTATGCTGTGCTGTATGAGCAGCACCCAAC-AG-3' was used. NM,,-P-gal was constructed by ligation of a polylinker, 5'-GARCAAAAGAATCATGAGGACCAAAAGATTGAG-3', to the BamHl site of NM,,-P-gal (Liu et al., 1991) . All mutations were confirmed by direct DNA sequencing.
Cell cultures and transfections. Seventeen-day-old rat embryo cortical neurons were dissociated in 20 mM HEPES, pH 7.5, 150 mM NaCl (HBS), plated onto poly-L-lysine (Sigma; 50 &ml)-coated 10 cm dishes, and cultured in chemically defined DMEM supplemented with 5 &ml insulin, 100 &ml transferrin, 20 nM progesterone, 100 PM putrescine, 1 mM sodium pyruvate, 30 nM sodium selenite, and 0.11 ovalbumin (Bottestein and Sato, 1979) . The cells were maintained in a humidified 37°C incubator with 5% CO,. COS-7 cells were grown in DMEM supplemented with 10% fetal calf serum. Transient expression of various neuromodulin and fusion constructs in COS-7 cells was performed using DEAE dextran methods. Cells were plated in a 10 cm dish at 35-40% confluency the day before transfection. Four micrograms of DNA were used for each transfection and the cells were incubated in a 35°C incubator for 48 hr before collection. For the transfection of neuron cultures, dissociated neurons were plated at 1.3-2 x lo6 cells per 10 cm dish. After 2 hr in culture. liuofection (Felaner et al.. 1987 ) was nerformed using 70 fig of Lipofectin (Bethesda'kesearch'Labs) and 25 pg of DNA in 4 ml of HBS. After incubation for 5 hr at 37°C culture media were added and the incubation was continued another 12 hr before replacement with fresh media.
Irnmu~ohistochemical methods and immunoblot analysis. Cells were fixed with 3% paraformaldehyde in 25 mM Na,HPO,, 25 mM RI&PO,, pH 7.4, 100 mM NaCl, 1 mM MgCl,, and 0.01% NaN, (PBS) at room temperature for 15 min and permeabilized with -20°C ethanol for 5 min. Nonsnecific bindina sites were blocked with 4O/o BSA in PBS for 30 min at room tempera&re. The cells were incubated overnight at 4°C with a monoclonal antibody against neuromodulin (clone 9 lE12, Boehringer-Mannheim; 2 &ml) or rabbit anti-@galactosidase (Cappel; 3 & ml). After washing the cells with PBS, rhodamine-conjugated secondary goat anti-rabbit IgG (Boehringer-Mannheim; 1: 1500) or FITC-conjugated horse anti-mouse IgG (Pierce; 1: 1500) was incubated for 1 hr at room temperature. In some case, a tertiary antibody was used to amplify the fluorescent signal. For staining of Golgi apparatus, cells were incubated with TRITC-conjugated WGA (Sigma; 4 &ml) in solutions with the secondary antibodies. Photography was done using a Lcitz Dialux 20 fluorescence microscope equipped with a Leitz Vario Orthomat camera system.
For &galactosidase activity assays, transfected COS-7 cells were scraped off of the plates and collected by sedimentation at 3000 x g for 5 min.
The cell pellet was resuspended in ice-cold Tris-HCl, pH 7.5, 2 mM EDTA, and 1 mM PMSF and homogenized on ice. Nuclei and unbroken cells were separated by centrifugation at 4000 x g for 2 min. Cytosol and membranes were prepared by centrifugation at 100,000 x g for 40 min in an Airfuge. @-Galactosidase activity was assayed using O-nitrophenyl-p-D-galactopyranoside as a substrate according to Pardee et al. (1959) 
Results
Neuromodulin localization in Golgi apparatus The Golgi apparatus of cultured cells can be localized and labeled by wheat germ agglutinin (WGA), a lectin that labels the Golgi region with little or no staining of the endoplasmic reticulum (Virtanen et al., 1990; Willemer et al., 1990) . The presence of neuromodulin in the Golgi apparatus has also been reported for PC1 2 cells (van Hooff et al., 1989) , cultured rat hippocampal neurons (Goslin et al., 1990) , and cortical neurons (Liu and Storm, unpublished observation) . In order to define structural elements of neuromodulin required for membrane targeting, Golgi sorting, and neurite transport, we characterized the localization of wild-type and mutant neuromodulins transiently expressed in COS-7 cells (Fig. 1) . COS-7 cells were chosen because of their easily identifiable Golgi apparatus. Wild-type neuromodulin expressed in COS-7 cells has been shown to be fusion protein containing the N-terminal 10 amino acids of neuromodulin; NM,,-@-gal, fusion protein containing the N-terminal 20 amino acids of neuromodulin; NM,,,+,+gaI, fusion protein containing the N-terminal 68 amino acids of neuromodulin with arg-6, arg-7, and lys-9 mutated to ser-6, ser-7, and gln-9, respectively; NM,-&ad.
full-length neuromodulin fused & &galactoGdase. gc, growth cones; mv, multiple varicosities, sm. soma. Scale bars, 30 pm. predominantly membrane bound (Liu et al., 1993) . Immunofluorescence staining of the transfected cells showed intense neuromodulin immunoreactivity associated with the Golgi apparatus ( Fig. 2A) . Neuromodulin staining was also detectable, with less intensity and frequency, in other membranous organelles such as the nuclear envelope and endosomes. Plasma membrane staining was evident as a distinct patchy distribution at the edge of the cells (Fig. 2A) . As the expression continued 48 hr posttransfection, neuromodulin immunoreactivity was found to be accumulated at the plasma membrane and other membrane structures such as endosomes. Treatment of the cells with brefeldin A (BFA), which disrupts membrane transport from ER to Golgi, did not result in redistribution of neuromodulin into ER (Fig. 3) , a phenomenon observed for many Golgi enzyme markers such as mannosidase II and galactosyl transferase (Klausner et al., 1992) . As shown in Figure 3 , while substantial amount of WGA staining was redistributed into ER-like structures, neuromodulin immunofluorescence was restricted primarily to the trans-Golgi network (TGN)-like structures.
Golgi localization of neuromodulin requires palmitoylation and membrane association Neuromodulin associates with cellular membranes via palmitoylation of cys-3 and cys-4 (Skene and Virag, 1989; Chapman et al., 1992) . A more detailed analysis of this phenomenon using individual point mutations at cys-3 or cys-4 has suggested that cys-4 is the major site for palmitoylation whereas cys-3 is a minor palmitoylation site (Liu et al., 1993) . We have also shown that the degree of membrane binding by neuromodulin correlated with the extent of palmitoylation of the cysteine residues, suggesting that palmitoylation is necessary for its membrane association (Liu et al., 1993) .
When the 2G mutant (cys 3,4 to gly 3,4) was expressed in COS-7 cells, it showed diffuse cytosolic staining uniformly around Arrowheads indicate the processes that were faintly stained. gc, growth cones; mv, multiple varicosities; ust, a transfected astrocyte. Scale bars, 30 pm. the nucleus without Golgi localization (Fig. 2C, Table 1 ). L3 (cys-3 to leu-3) showed a Golgi and plasma membrane staining pattern resembling that of the wild-type protein (Fig. 2B , Table   l ), while L4 (cys-4 to leu-4) showed diffuse cytoplasmic staining around the nucleus similar to that seen for the 2G mutant (Fig.  2C) . T3 (cys-3 to thr-3) strongly resembled L4, showing a substantial reduction in Golgi localization (Fig. 2C') . Point mutations of several amino acid residues in the membrane binding domain other than the cysteines did not significantly altered Golgi accumulation. For example, T2 and R5 showed Golgi localization and membrane association (Fig. 2B, Table 1 ). These data indicate that palmitoylation and membrane targeting of neuromodulin correlate with accumulation of the protein in the Golgi.
The transport of neuromodulin fusion proteins into neurites correlates with Golgi sorting and membrane targeting
To determine if Golgi sorting of neuromodulin is required for its transport and growth cone accumulation, we transfected pri- Figure 6 . Distribution of neuromodulin-fi-galactosidase fusion proteins between the membrane and cytosolic fraction of COS-7 cells. COS-7 cells expressing the fusion proteins were fractionated into membrane and cytosolic fractions and assayed for P-galactosidase activity as described in Materials and Methods.
mat-y cultured rat embryonic neurons with several neuromodulin-P-galactosidase cDNA fusion constructs. The intracellular location of the fusion proteins was analyzed using an antibody against P-galactosidase. The endogenous neuromodulin was distributed in the cell body and through both dendritic and axonal processes, often with intense staining in the growth cones and multiple varicosities (Fig. 4) . This is consistent with previous reports for the distribution of neuromodulin in cultured rat sympathetic neurons (Meiri et al., 1988) , rat hippocampal neurons (Goslin et al., 1988) , spinal cord neurons (van der Neut et al., 1991) and cerebellar neurons (Burry et al., 1991) . When P-galactosidase was expressed in neurons it was detectable in cell bodies but not in neurites, multiple varicosities, or growth cones (Fig. 4, Table 2 ). The fusion protein consisting of fulllength neuromodulin and /3-galactosidase, NM&gal, showed a similar distribution in cultured neurons with intense signals in the growth cones and multiple varicosities (Fig. 4, Table 2 ). Two truncated fusion proteins containing N-terminal sequences from neuromodulin, NM&-gal and NM&?-gal, showed a distribution very similar to endogenous neuromodulin and the fulllength neuromodulin fusion protein (Fig. 4, Table 2 ). These data indicated that the N-terminal 20 amino acid sequence of neuromodulin is sufficient for neurite and growth cone targeting of neuromodulin-/3-galactosidase fusion proteins. NM,,-P-gal, which contained only the N-terminal 10 amino acid sequence of neuromodulin fused to P-galactosidase, showed a distribution very similar to P-galactosidase, without transport into neurites (Fig. 4, Table 2 ).
It has been noted that one of the common features in the palmitoylation domains is the presence of positively charged amino acids, which may contribute to the effectiveness of palmitoylation (Liu et al., 1993) . In order to examine the importance of positively charged amino acids in the membrane targeting domain for neurite transport, we generated a mutant neuromodulin, NM,,(,+,-P-gal, which contained the N-terminal 68 amino acids with arg-6, arg-7, and lys-9 mutated to ser-6, ser-7, and gln-9, respectively. Although NM68(,+,-/3-gal was detected in some neurites and multiple varicosities, the intensity and the frequency of the staining in these structures was considerably less than those for NM&gal and NM&-gal (Fig. 4,  Table 2 ). As expected, NM&-gal was not targeted to growth cone membranes and was not localized along neurite membranes, this fusion protein was detected in some multiple varicosities at a relatively low frequency compared to NM&-gal or endogenous neuromodulin (Fig. 5) . It is possible that regions other than the palmitoylation domain of NM,,-P-gal may interact with proteins undergoing transport. A similar mechanism has been proposed for the transport of calmodulin (Koenig et al., 1985) . The absence of the palmitoylation site in NM,,+-gal, however, does not allow membrane deposition along the neurite shaft or in growth cones.
The neuromodulin-/3-galactosidase fusion proteins described above were expressed in COS-7 cells in order to determine if they were localized to the Golgi apparatus or in membrane preparations from these cells. Neuromodulin-P-gal fusion proteins expressed in COS-7 cells had apparent molecular weights on SDS gels ranging from 120 to 150 kDa, consistent with the predicted molecular weights of the fusion proteins (data not shown). Distribution of the fusion proteins between the membrane fraction and cytosol of COS-7 cells was quantitated by assaying &galactosidase activity (Fig. 6 ). As expected, NM,-Pgal, NM,,+gal, and NM&-gal showed significant accumulation in the membrane fraction relative to the cytosolic fraction, whereas @-galactosidase and NM&-gal behaved as cytosolic proteins. Substantially less @-galactosidase activity associated with NM,,-P-gal was found in the membranes (Fig. 6) . NM,,,+,-P-gal showed an intermediate level of membrane association that was significantly reduced compared to NM&-gal, but was greater than that observed for NM,,-P-gal. The distribution of the various neuromodulin-@-galactosidase fusion proteins expressed in COS-7 cells was examined by immunofluorescence. NM,,-P-gal, NM&?-gal, and P-galactosidase showed a diffuse cytosolic distribution symmetrically around the nucleus, with no apparent Golgi localization (Fig.  7) . In contrast, NM&gal and NM,,-@-gal showed prominent staining in the Golgi apparatus. NM,,,,+,-P-gal showed weak Golgi localization (Fig. 7) . These data suggest that the N-terminal 20 amino acid sequence of neuromodulin, and particularly the palmitoylation site, are required for its membrane association, Golgi sorting, and transport into neurites and neurite growth cones.
Discussion
Although the mechanism(s) that underlies the sorting and transport of proteins into neuronal processes has not been fully elucidated, it has been proposed that fast-transported proteins may contain "recognition sequences" that target the polypeptides to Figure 7 . Immunofluorescence localization of neuromodulin-B-galactosidase fusion proteins expressed in COS-7 cells. @-gal, @galactosidase control; NM,,-p-gal, fusion protein containing the N-terminal 10 amino acids of neuromodulin; NM,,-&gal, fusion protein containing the N-terminal 20 amino acids of neuromodulin; NMGaIA+,-p-gal, fusion protein containing the N-terminal 68 amino acids of neuromodulin with arg-6, arg-7, and lys-9 mutated to ser-6, ser-7, and gln-9, respectively; NM,-p-gal, full-length neuromodulin fused to &galactosidase. G, Golgi apparatus; N, nucleus; A4, plasma membrane. Scale bar, 15 pm. Li u et al. -Intracellular Sorting of Neuromodulin specific regions of the Golgi apparatus where they are packaged into membrane vesicles for delivery (Stone and Hammerschlag, 1987; Smith and Snyder, 1992) . In non-neuronal cells such as the epithelial MDCK cells, proteins are sorted to different compartments of Golgi stacks and are recruited to either the apical or basolateral membranes (Simons and Fuller, 1985; Nelson, 1992) . Similar and possibly homologous pathways may also exist in the axonal and dendritic domain-specific sorting pathways found in neurons (Dotti and Simons, 1990) . Because fast axonal transport often involves movement of membranous structures along microtubules (Smith and Snyder, 1992) , it is conceivable that membrane association and axonal transport of neuromodulin may be closely related. The data in this study suggested that neuromodulin may be processed in the Golgi apparatus and that Golgi accumulation of the protein correlates with membrane association. In cultured cortical neurons, neuromodulin is translated as a cytosolic polypeptide and becomes attached to membranes shortly after its synthesis, presumably by palmitoylation of the protein (Skene and Virag, 1989) . The domain responsible for the Golgi localization of neuromodulin also contains the palmitoylation and membrane binding domain, and mutation of this domain, as in the 2G mutant, abolished Golgi localization of the protein. Based on these observations, we concluded that the association of the protein with the Golgi apparatus is dependent on its acylation. It is possible that neuromodulin is sorted to the Golgi by its affinity for the palmitoyltransferase, which may serve as a receptor for neuromodulin in the Golgi complex. Multiple palmitoyltransferase activities have been detected in several subcellular compartments including Golgi apparatus, endoplasmic reticulum (ER) membranes, and neuronal growth cone membranes (Rizzolo and Komfeld, 1988; Patterson and Skene, 1989; Gutierrez and Magee, 199 1) . The evidence that the palmitoylation domain of neuromodulin is necessary for Golgi sorting of the protein, and the strong association of neuromodulin with the Golgi apparatus but not the ER membranes (data not shown), also suggested that the most likely site for the acylation of neuromodulin is the Golgi apparatus. Moreover, since neuromodulin did not redistribute into the ER upon BFA treatment (Fig.  3) , palmitoylation of neuromodulin may occur in the TGN. The presence of neuromodulin in the Golgi complex has also raised the question of whether it may play an active role in Golgirelated functions such as vesicle fusion (Goslin et al., 1990) .
In order for neuromodulin to be effectively delivered to the neurite terminus, the protein is very likely processed and incorporated into membranous organelles budding off the transGolgi stacks. The data in the present study seemed to support this proposal. NM&-gal, NM,,-P-gal, and NM,&gal were localized to the plasma membrane and Golgi apparatus of COS-7 cells, and were transported into neurites and growth cones of cultured neurons. On the other hand, mutant neuromodulins with reduced membrane targeting and Golgi accumulation Who-P-gal, NM68cA+, -P-gal, and NM&-gal)
showed diminished accumulation in neurites. Since NM,,-P-gal but not NM,,-p-gal was able to target to both Golgi and neurites, the amino acid sequence between 11 and 20 may be important for Golgi and neurite accumulation. Deletion of 1 l-20 sequence of NM68-P-gal resulted in moderate reduction in membrane binding, Golgi and neurite targeting of the fusion protein (Liu and Storm, unpublished observation) , suggesting a role for this domain in palmitoylation of the protein.
In conclusion, we hypothesize that neuromodulin may be processed through the Golgi apparatus, and that it may be palmitoylated by a specific palmitoyltransferase in the Golgi that recognizes a sequence within the N-terminal 20 amino acids of neuromodulin. Palmitoylation and membrane targeting appear to be obligatory for Golgi sorting, which is essential for its neurite transport and growth cone accumulation. 
